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ABSTRACT GBF1 has emerged as a host factor required for the genome replication of
RNA viruses of different families. During the hepatitis C virus (HCV) life cycle, GBF1 per-
forms a critical function at the onset of genome replication but is dispensable when the
replication is established. To better understand how GBF1 regulates HCV infection, we
have looked for interactions between GBF1 and HCV proteins. NS3 was found to interact
with GBF1 in yeast two-hybrid, coimmunoprecipitation, and proximity ligation assays
and to interfere with GBF1 function and alter GBF1 intracellular localization in cells ex-
pressing NS3. The interaction was mapped to the Sec7 domain of GBF1 and the pro-
tease domain of NS3. A reverse yeast two-hybrid screen to identify mutations altering
NS3-GBF1 interaction yielded an NS3 mutant (N77D, Con1 strain) that is nonreplicative
despite conserved protease activity and does not interact with GBF1. The mutated resi-
due is exposed at the surface of NS3, suggesting it is part of the domain of NS3 that in-
teracts with GBF1. The corresponding mutation in strain JFH-1 (S77D) produces a similar
phenotype. Our results provide evidence for an interaction between NS3 and GBF1 and
suggest that an alteration of this interaction is detrimental to HCV genome replication.

IMPORTANCE Single-stranded, positive-sense RNA viruses rely to a significant extent
on host factors to achieve the replication of their genome. GBF1 is such a cellular
protein that is required for the replication of several RNA viruses, but its mechanism
of action during viral infections is not yet defined. In this study, we investigated po-
tential interactions that GBF1 might engage in with proteins of HCV, a GBF1-
dependent virus. We found that GBF1 interacts with NS3, a nonstructural protein in-
volved in HCV genome replication, and our results suggest that this interaction is
important for GBF1 function during HCV replication. Interestingly, GBF1 interaction
with HCV appears different from its interaction with enteroviruses, another group of
GBF1-dependent RNA viruses, in keeping with the fact that HCV and enteroviruses
use different functions of GBF1.
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Hepatitis C virus (HCV) is a small, enveloped, single-stranded, positive-sense RNA
virus that infects human hepatocytes and causes persistent infection in most HCV

patients. HCV replicates its genome in the cytoplasm of the host cell. Its RNA-
dependent RNA polymerase and other nonstructural proteins implicated in genome
replication are found in association with rearranged cellular membranes, which have
been named the membranous web (1). The membranous web is composed of single
membrane and double membrane vesicles (2, 3) originating from the endoplasmic
reticulum (ER) membrane. Two viral proteins, NS4B and NS5A, appear to play a major
role in the induction of membrane rearrangements (3, 4). The protease and helicase
NS3-4A and the RNA-dependent RNA polymerase NS5B are also included in HCV
replication complexes, in addition to NS4B and NS5A. Cell host factors from the ER such
as VAP-A (5) and phosphatidylinositol-4-kinase alpha (PI4KIII�) (6–10) are recruited to
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the membranous web and are functionally involved in HCV genome replication. In
addition, cellular factors from other cellular compartments, including Rab5 (11), OSBP
(12), and FAPP2 (13), are also recruited to the membranous web and play essential
functions in viral RNA replication. Interactions with NS5A appear to play important roles
in the recruitment of most of these cellular factors.

We previously identified GBF1 as a host factor critical for HCV genome replication
(14). GBF1 is a brefeldin A (BFA)-sensitive guanine nucleotide exchange factor (GEF) that
activates Arf family members (15). Through Arf1 activation, it participates in the
regulation of COPI-dependent vesicular transport, phospholipid metabolism, actin
cytoskeleton dynamics at the Golgi membrane, and lipid droplet metabolism (16, 17).
Its inhibition by BFA or golgicide A (GCA) leads to inhibition of secretion and disas-
sembly of the Golgi complex. GBF1 has six conserved domains (18). Its Arf-GEF activity
is catalyzed by the Sec7 domain and is selective for class I Arfs (Arf1-3) and class II Arfs
(Arf4 and Arf5) (15, 19). The functions of the other conserved domains are less well
defined (18, 20). In addition to HCV, GBF1 is a host factor involved in the replication of
RNA viruses of the families Picornaviridae (21–23), Coronaviridae (24), Flaviviridae (25),
and Hepeviridae (26).

Little is known about the mechanism of action of GBF1 in HCV and other viral
infections. Its Arf-GEF activity appears to be of special importance at the onset of HCV
genome replication but is not essential when the replication is established (14).
However, its Arf-GEF activity is not required for the formation of membrane rear-
rangements leading to the formation of the membranous web (14), suggesting
rather that GBF1 is involved in a postformation step of membrane-associated
replication complex function. It has been proposed that GBF1 is involved in the
generation of phosphatidylinositol-4-phosphate (PI4P)-enriched replication complexes
through Arf1-dependent activation of Golgi-resident PI4 kinase-III� (27). However, the
involvement of this kinase during HCV genome replication is still controversial (28–32).
Moreover, we recently demonstrated that the function of GBF1 during HCV genome
replication is not mediated by Arf1 and is distinct from its regulatory functions with
respect to the cellular secretory pathway and the morphology of the Golgi complex
(33). GBF1 function in HCV replication is mediated by the pair Arf4 and Arf5, whereas
its function in the regulation of the secretory pathway is mediated by the pair Arf1 and
Arf4 (33, 34). The involvement of class II Arfs in viral replication appears to be conserved
for some, but not all, RNA viruses (35). To obtain more insight into how GBF1 regulates
HCV genome replication, we investigated in this study potential interactions between
GBF1 and HCV proteins.

RESULTS
NS3 interacts with GBF1. Potential interactions between HCV proteins and GBF1

were investigated using a yeast two-hybrid assay. The HCV proteins core, E1, E2, p7,
NS2, NS3, NS4A, NS4B, NS5A, and NS5B were each tested individually for interaction
with GBF1. In addition to GBF1, there are two other Golgi-localized Arf GEFs, BIG1 and
BIG2, which are not required for HCV infection. To test potential specificity in interac-
tion, BIG1 and BIG2 were each tested, in addition to GBF1, for interaction with HCV
proteins. Because of the large size of the Arf GEFs, three domains of each GEF protein
were tested individually: the N terminus, the catalytic Sec7 domain, and the C terminus.
Among the 90 combinations tested, only one interaction was found, between NS3 and
the catalytic Sec7 domain of GBF1 (Fig. 1A). No interaction was observed with any other
HCV protein, and only the Sec7 domain of GBF1 among the Arf GEFs tested gave a
positive signal (see the data set in the supplemental material).

Deletion mutants were used to further map the interaction within NS3. We found an
interaction between the Sec7 domain of GBF1 and the protease domain of NS3 (Fig. 1A).
The interaction between the Sec7 domain of GBF1 and the protease domain of NS3 was
observed with strains Con1, H77, and JFH-1 (Fig. 1A), indicating a conservation of this
interaction for the three strains tested but with some difference concerning the strength of
the interaction.

Lebsir et al. Journal of Virology

March 2019 Volume 93 Issue 6 e01459-18 jvi.asm.org 2

https://jvi.asm.org


To confirm this interaction, we used next a coimmunoprecipitation (co-IP) assay. A
hemagglutinin (HA)-tagged version of NS3-4A from the Con1 or JFH-1 strain was
coexpressed with a FLAG-tagged version of YFP-GBF1 in HeLa cells and immunopre-
cipitated with an anti-FLAG antibody. As a control, we used an HA-tagged version of
human �1-COP, a COPI subunit previously shown to interact with GBF1 (36). Under
control conditions, a band of low intensity was observed with NS3 but not �1-COP,
probably corresponding to nonspecific binding of HA-NS3 to the beads. The intensity

FIG 1 NS3 interacts with GBF1. (A) pGBKT7 plasmids carrying full-length NS3 (Con1 strain), the indicated fragments from the Con1,
H77, and JFH1 strains, or pGBKT7 alone were cotransformed into yeast strain AH109 with the pGADT7 plasmids carrying full-length
GBF1 (GBF1) or the catalytic Sec7 domain as indicated. Transformants were plated onto nonselective medium (left) or onto plates
lacking histidine (�His) to monitor expression of the reporter His3 (right). Tenfold serial dilutions of each culture were spotted from
left to right for each transformed strain. (B) HA-tagged NS3-4A of Con1 or JFH-1 or HA-tagged �1-COP was coexpressed with
YFP-GBF1 (CTL) or YFP-GBF1-FLAG (FLAG) in HeLa cells. Cells were lysed and lysates precipitated with anti-FLAG beads.
Immunoprecipitated material and 5% of lysates were analyzed by immunoblotting with anti-HA and anti-GFP antibodies. (C) GST
fused to the NS3 protease domain (GST-pro) or GST (left) were coupled to glutathione-Sepharose beads and incubated with
400 �l of HeLa cell cytoplasmic lysate. (Right) The lysate (10 �l) and the material bound to beads were analyzed by
immunoblotting with an anti-GBF1 antibody.
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of the coimmunoprecipitated NS3 bands was much stronger than the background
observed under control conditions (Fig. 1B). These results indicated that NS3, like the
positive-control �1-COP, interacted with GBF1 in this assay.

The interaction was further investigated with a pulldown assay using glutathione
S-transferase (GST) fused to the protease domain of NS3 from the Con1 strain (GST-pro).
A HeLa cell lysate was incubated with GST-pro, or GST as a control, coupled to
glutathione-Sepharose beads. The material bound to the beads was analyzed by
immunoblotting using an anti-GBF1 antibody. A band corresponding to GBF1 was
observed with the GST-pro construct but not with GST (Fig. 1C). This result confirmed
the capacity of GBF1 to interact with the protease domain of NS3.

GBF1 localization is altered in cells overexpressing NS3-4A. To assess the impact
of NS3 on GBF1 intracellular localization, we made use of U-2 OS cells with inducible
expression of green fluorescent protein (GFP) (UGFP-9.22) (37), of NS3/4A (UNS3-4A-24)
(38), of NS5A (UNS5Acon-6) (39), or of the entire HCV polyprotein (UHCV-11) (40). As
expected in control noninduced cells, GBF1 had a Golgi-like localization and a less
intense cytosolic localization (data not shown). In induced cells, the distribution of GBF1
to the Golgi membrane and cytosol appeared identical to control conditions in cells
expressing GFP (data not shown), NS5A, or the polyprotein (Fig. 2). In contrast, the
Golgi-like localization of GBF1 was not observed in UNS3-4A-24 cells expressing NS3-4A
(Fig. 2). A partial colocalization of NS3 and GBF1 was measured in induced UNS3-4A-24
cells expressing NS3-4A alone but not in induced UHCV-11 cells expressing the
polyprotein (Fig. 3A). Immunoblot analysis of GBF1 in UNS3-4A-24 cells revealed a

FIG 2 GBF1 localization is altered in cells expressing HCV NS3-4A. UNS3-4A-24, UNS5Acon-6, and UHCV-11 cells
were induced for 24 h and processed for immunofluorescence detection of GBF1 (green) and NS3 or NS5A (red),
as indicated. White stars indicate cells expressing NS3. Bars, 10 �m.
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similar level of expression of GBF1 under induced and noninduced conditions (Fig.
3B), indicating that the loss of the Golgi localization did not result from GBF1
degradation but rather from a change of intracellular localization induced by
NS3-4A expression.

We next analyzed the intracellular localization of GBF1 and NS3 in cells treated with
GBF1 inhibitor BFA or GCA. These inhibitors of GBF1 activity disrupt Golgi structure,
causing fusion of the Golgi membrane with the ER (41). In addition, BFA treatment
stabilizes GBF1 association with membranes (42). In UNS3-4A-24 cells treated with BFA
or GCA, the localization pattern of GBF1 was strikingly different from that of untreated
cells. GBF1 was no longer only diffusely distributed throughout the cytoplasm as in
uninduced UNS3-4A-24 cells but rather was found additionally in structures in which it
colocalized with NS3 (Fig. 4). GBF1 was localized to structures, likely corresponding to
the ER-Golgi fused compartment, in cells expressing GFP (data not shown) or NS5A (Fig.
4). In BFA-treated UHCV-11 cells, a mixed pattern of association with ER-Golgi mem-
branes and with NS3-positive structures was observed (Fig. 4). For both UNS3-4A-24
and UHCV-11 cell lines, the colocalization of GBF1 and NS3 was increased in BFA-
treated cells (Fig. 3A).

Together, these data indicate that NS3 interacts with GBF1, and that the two
proteins colocalize partly in a compartment that is induced by NS3 expression in cells
expressing NS3-4A but not the polyprotein. Upon BFA treatment, the morphology of
this compartment is altered, and the colocalization of NS3 and GBF1 is increased in
both cell lines.

Functional impact of NS3-GBF1 interaction. To assess the impact of NS3 expres-
sion on GBF1 activity, we tested the functionality of the secretory pathway in cells
expressing NS3. A fixed amount of luciferase from Gaussia princeps (GLuc) was coex-
pressed with increasing amounts of NS3-4A, and the percentage of secreted GLuc was
quantified during a 4-h period. As a control, we incubated cells with BFA, an inhibitor
of GBF1 activity. A modest (�10%) reduction of GLuc secretion was measured with the
highest expression level of NS3, whereas BFA almost completely inhibited GLuc secre-
tion (Fig. 5A). These results indicated that NS3 has a limited impact on GBF1 function
in the secretory pathway.

We next investigated the impact of GBF1 on NS3 activity. Since GBF1 interacts with
the protease domain, we focused on protease activity. To quantify NS3 protease
activity, we used a GFP-IPS construct (43) as a substrate. In this construct, enhanced GFP
(EGFP) is fused to the C-terminal sequence of MAVS (mitochondrial antiviral-signaling
protein), also known as IPS (interferon-� promoter stimulator protein 1), which contains
an NS3 cleavage site. When coexpressed with NS3, a 41-residue C-terminal peptide was

FIG 3 Quantification of GBF1-NS3 colocalization and GBF1 expression in cells expressing NS3. (A) The
colocalization of NS3 and GBF1 in UNS3-4A-24 and UHCV-11 cells induced for 24 h and treated with
10 �g/ml BFA for 30 min or left untreated was quantified by calculating the Pearson’s correlation
coefficient of at least 10 cells. Error bars represent the standard deviations (SD). (B) The expression of NS3
was induced in UNS3-4A-24 cells for 24 or 48 h. The cells were lysed and GBF1, NS3, and actin expression
was analyzed by immunoblotting. NI, not induced.
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removed from the substrate. This proteolytic cleavage could be visualized by
immunoblotting with an anti-GFP antibody (Fig. 5B). When GBF1 was coexpressed
with NS3, a dose-dependent reduction of GFP-IPS cleavage was observed (Fig. 5C),
yielding up to �50% inhibition with the highest level of GBF1 expression used in

FIG 4 GBF1 colocalizes with HCV NS3 in cells treated with BFA or GCA. UNS3-4A-24, UNS5Acon-6, and UHCV-11 cells were induced for 24 h, treated
with BFA or GCA for 30 min, and processed for immunofluorescence detection of GBF1 (green) and NS3 or NS5A (red), as indicated. Bars, 10 �m.

FIG 5 Functional impact of GBF1-NS3 interaction on secretion and NS3 protease activity. (A) HeLa cells were cotransfected with pCMV-GLuc
and increasing amounts of pcDNA3.1-HA-NS3-4A as indicated. The total amount of DNA was kept constant by adding empty pcDNA3.1. At
16 h posttransfection, the culture medium was changed and the cells were further incubated for 4 h. As a control, cells were treated with
1 �g/ml BFA during this 4-h secretion period. Luciferase activity was measured in supernatants and cell lysates. (B and C) HeLa cells were
cotransfected with pEGFP-IPS, pcDNA3.1 HA-NS3-4A, and increasing concentrations of pEYFP-GBF1 as indicated. Empty pcDNA3.1 plasmid
was used to keep the same final concentration of total transfected DNA constant. At 24 h posttransfection, EGFP-IPS cleavage was monitored
by immunoblotting using anti-GFP antibody (B), and the intensities of bands corresponding to cleaved and uncleaved GPF-IPS were
measured and the percentage of cleavage was calculated (C). Error bars represent the standard deviations for 3 independent experiments.
*, **, and *** correspond to P values below 0.05, 0.01, and 0.001, respectively.
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this assay. This result indicated that GBF1 has a partial inhibitory action on the
protease activity of NS3.

GBF1 interacts with NS3 in cells replicating HCV. Our data presented above
indicated that NS3 interacts with GBF1 when expressed with NS4A. However, this
interaction appeared to be reduced when NS3 was expressed as a part of the HCV
polyprotein. To assess if NS3 interacts with GBF1 in HCV-replicating cells, we investi-
gated the intracellular localization of both proteins in Huh-7 cells containing a sub-
genomic replicon. Interestingly, NS3 expression levels varied from cell to cell, and as in
induced UNS3-4A-24 cells, the pattern of GBF1 staining was altered in cells expressing
higher levels of NS3 (Fig. 6A). At higher magnification, the two proteins did not appear
to be fully colocalized in the same structures. Rather, GBF1-containing vesicular struc-
tures were juxtaposed to NS3-containing membrane domains (Fig. 6B). We next per-
formed a proximity ligation assay (PLA) in Huh-7 cells containing a subgenomic replicon

FIG 6 GBF1 interacts with NS3 in cells replicating HCV. (A and B) Huh-7 cells containing a subgenomic replicon of strain JFH-1 were
processed for immunofluorescence detection of GBF1 (green) and NS3 (red), as indicated. Note the difference of GBF1 patterns in cells
expressing higher levels of NS3 (indicated with a white star in panel A). A higher magnification of the area marked with a square in
panel B is shown on the right side. Bars, 20 �m. (C and D) Huh-7 cells containing a subgenomic replicon of JFH-1 strain and naive
Huh-7 cells were processed for proximity ligation assay using antibodies to NS3 and GBF1. Stacks of images corresponding to the total
volume of the cells were acquired, and maximum intensity projections of the stacks were generated. (C) Representative images. PLA
signal (white dots) and nuclei (blue). (D) Quantification of dots of 12 images from 2 independent experiments. ***, P � 0.001.

NS3-GBF1 Interaction Journal of Virology

March 2019 Volume 93 Issue 6 e01459-18 jvi.asm.org 7

https://jvi.asm.org


using NS3 and GBF1 antibodies. As a control, we also used naive Huh-7 cells. In naive
cells, only very few fluorescent dots were observed, indicating that the antibodies yield
a very low background when one interacting protein is absent (Fig. 6C). In replicon-
containing cells, higher numbers of dots were observed. A signal-to-background ratio
superior to 10 was calculated after quantification (Fig. 6D), indicating that a significant
interaction occurred between NS3 and endogenous GBF1 in cells replicating HCV.

Isolation and characterization of NS3 mutants with reduced interaction to
GBF1. To better characterize the interaction between NS3 and GBF1, we used a yeast
two-hybrid-based approach to isolate mutants of the protease domain of NS3 with a
reduced level of interaction with the Sec7 domain of GBF1. Mutations were introduced
into NS3 by PCR-based random mutagenesis, and mutants were screened by reverse
two-hybrid analysis to isolate yeast clones growing on nonselective medium but not on
selective medium lacking histidine (�His). Growth on �His medium requires expres-
sion of the His3 reporter gene, which only occurs upon interaction of the two protein
domains expressed in the yeast two-hybrid system. Out of 148 clones screened, 95 were
selected using this reverse two-hybrid approach, 49 of which expressed an NS3
construct of the expected size in Western blot analysis. The pGBKT7-NS3 protease
plasmids of these clones were isolated and sequenced. Eighteen clones had no
mutation, 25 had one mutation, 5 had two mutations, and 1 clone had three mutations
in the coding sequence of the NS3 protease domain. This led to the identification of 12
individual mutations, 4 double mutations, and 1 triple mutation, which inhibit NS3
protease-GBF1 Sec7 domain interaction (Fig. 7A).

We then focused on individual mutations. Mutated plasmids were reintroduced into
yeast cells to confirm their phenotype. In contrast to the wild-type (WT) NS3 protease
domain, all the mutants had a growth defect on selective medium (Fig. 7B). The
localization of the mutated residues in the three-dimensional (3D) structure of the
protease domain of NS3 was analyzed. Three residues, Asn-77, Cys-97, and Ile-114, are
exposed at the surface of the protein (Fig. 7C), with calculated exposure of 20%, 15%,
and 4%, respectively (the maximal exposure possible of a residue is approximately
63%). Structural changes resulting from mutations of surface residues could directly
alter GBF1 interaction, whereas those involving buried residues may be transmitted to
other parts of the protein and indirectly affect surface structure. Alternatively, mutation
of internal residues may affect the folding of the domain and lead to a nonfunctional
protein. Concerning surface-exposed residues, it is noteworthy that Cys-97 is implicated
in Zn2� coordination (44–46). Its mutation to Arg could lead to a loss of Zn2� binding
and to a major structural alteration of the protease domain. The two other residues,
Asn-77 and Ile-114, are located on different faces of the domain (Fig. 7C). It is therefore
unlikely that they could be part of a single interaction area.

Impact of NS3 mutations on viral replication. To assess the impact on genome
replication of the mutations identified in the yeast two-hybrid assay, we introduced them
into a Con1 replicon containing a luciferase reporter sequence (47). In vitro-transcribed
replicon RNAs were electroporated into Huh-7.5 cells, and genome replication was assessed
by measuring luciferase activity over a 96-h time course. The kinetics of replication of 4
mutants (V36A, L44Q, V107A, and I114T) was very similar to that of the WT replicon (Fig. 8A).
The 8 other mutants behaved as the nonreplicative ΔGDD control and therefore were
nonreplicative.

To test if the replicative mutants were affected in their interaction with GBF1, we
analyzed their sensitivity to BFA. Replicon RNAs were electroporated into Huh-7.5 cells;
electroporated cells were treated with BFA for 8 h and then cultured without BFA. The
luciferase activity was measured at 48 h postelectroporation. The replication was
inhibited by BFA in a dose-dependent manner (Fig. 8B). All mutants displayed a dose
response very similar to that of the WT replicon, indicating that no alteration of BFA
sensitivity was caused by any of the 4 mutations. All four mutants interacted with GBF1
in the coimmunoprecipitation assay (Fig. 8C). Taken together, these results suggest that
no physical or functional alteration was provided by the mutations V36A, L44Q, V107A,
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and I114T concerning NS3-GBF1 interaction in a replicative model, in contrast to what
had been observed in the yeast two-hybrid-based interaction assay. Some differences
between the two interaction assays could result from the presence of the full-length
protein combined with NS4A in the coimmunoprecipitation assay and of the protease
domain only in the yeast two-hybrid assay.

FIG 7 Interaction of Sec7�GBF1 with HCV NS3 protease mutants. (A) Protocol for selection of NS3 mutants that do not interact with GBF1 in the
yeast two-hybrid assay. (B) Yeast strain AH109 cotransformed with pGADT7-Sec7-GBF1 and pGBKT7, carrying mutants of the NS3 protease domain,
were grown on nonselective and selective (�His) media to monitor reporter expression. (B) Localization of mutated residues in the structure of
the NS3 protease domain. Mutated residues are shown in red, NS3 active site is shown in pink, NS3 membrane-associated �-helix is in green, NS4A
is in yellow, and other NS3 residues are in blue. Three residues mutated in the yeast reverse two-hybrid assay, which are exposed at the surface
of the protein, are indicated.
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Protease activity of NS3 mutants. To assess the protease activity of the mutants,
we used the GFP-IPS cleavage assay. NS3 mutants were coexpressed with GFP-IPS in
Huh-7 cells (Fig. 9A). For all replicative mutants, cleavage efficiency was very similar to
that of the WT protease. Nonreplicative mutants yielded 3 phenotypes. L82P, C97R,
G141D, and L143P appeared inactive, since no cleavage product was detected. For
mutants L104P, L106S, and I153T, a partial cleavage was observed, suggesting that their
protease activity was reduced. Finally, the protease activity of mutant N77D was similar
to that of the WT and replicative mutants.

The expression levels of NS3 mutants were also monitored by immunoblotting (Fig. 9A).
An expression similar to that of the WT was observed for all replicative mutants and for the
nonreplicative, protease-active mutant N77D, reduced expression was observed for mu-
tants L104P, L106S, and I153T, and no expression was observed for inactive mutants L82P,
C97R, G141D, and L143P. We reasoned that reduced expression levels probably resulted
from instability of the mutated proteins. To confirm this hypothesis, we treated transfected
Huh-7 cells with MG132, a proteasome inhibitor, in order to inhibit the degradation of
unstable proteins. As shown in Fig. 9B, MG132 treatment revealed the presence of a band
migrating slightly slower than mature NS3 in lysates of cells transfected with inactive or
partially active mutants. This band most probably represents uncleaved NS3-4A. This result
suggests that mutations L82P, C97R, L104P, L106S, G141D, L131P, and I153T induced

FIG 8 Replication and BFA sensitivity of NS3 protease domain mutants. (A) In vitro-transcribed RNA of Con1 replicon pFK-rep-PI-luc/ET
containing NS3 protease mutants was electroporated into Huh-7.5 cells. Cells were lysed at the indicated times postelectroporation
for luciferase assay. Data represent means from 4 independent experiments performed in triplicate. (B) Huh-7.5 cells electroporated
with the indicated replicons were cultured for 8 h in the presence of the indicated concentrations of BFA and lysed at 48 h
postelectroporation for luciferase assay. Luciferase activities were expressed relative to the luciferase activity measured at 2 h
postelectroporation. Data are means from 3 independent experiments performed in triplicate. (C) WT HA-tagged NS3-4A or the
indicated mutants were coexpressed with YFP-GBF1 (CTL) or YFP-GBF1-FLAG (FLAG) in HeLa cells. Cells were lysed and lysates
precipitated with anti-FLAG beads. Immunoprecipitated material and 5% of lysates were analyzed by immunoblotting with anti-HA
and anti-GFP antibodies.
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folding defects, which explain their reduced protease activity. Uncleaved NS3-4A was
detected at much lower levels in cells expressing active proteases (WT, replicative mutants
V36A, L44Q, V107A, and I114T, and nonreplicative mutant N77D), as expected for correctly
folded proteins. It is noteworthy that the autoproteolytic cleavage efficiency (Fig. 9B) of
mutated proteins correlated with the observed substrate cleavage efficiency (Fig. 9A) of the
series of NS3 mutants.

We repeated these experiments in HeLa cells, which yield a higher level of expres-
sion of NS3. Again, mutants L82P, C97R, G141D, and L143P were inactive for both
GFP-IPS cleavage (Fig. 9C) and autoproteolytic processing (Fig. 9D). Mutants L104P,
L106S, and I153T were partially active, and mutants V36A, L44Q, N77D, V107A, and
I114T appeared as active as the WT construct. The proteolytic cleavage of GFP-IPS in
both cell lines was quantified (Fig. 9E). The results of this quantification showed a better
proteolytic activity for partially active mutants in HeLa cells than in Huh-7 cells, in
keeping with their higher expression levels in this cell line.

Altogether, the data indicate that NS3 protease domain mutants isolated using the
yeast reverse two-hybrid screen include a series of 4 mutants (V36A, L44Q, V107A, and
I114T), which are very similar to the WT concerning replication efficiency and proteo-
lytic activity, a series of 7 mutants with reduced proteolytic activity (L82P, C97R, L104P,
L106S, G141D, L143P, and I153T), which are not replicative, probably because of folding
defects and/or reduced protease activity, and a mutant (N77D) that is not replicative
despite having normal protease activity. The distinguishing features of the mutants are
summarized in Table 1.

FIG 9 Protease activity of NS3 protease domain mutants. (A) GFP-IPS was expressed in Huh-7 cells with the indicated HA-tagged NS3-4A mutants.
Cell lysates were analyzed by immunoblotting with anti-GFP and anti-HA antibodies. (B) Immunoblot analysis of Huh-7 cells expressing the
indicated NS3-4A mutants and treated for 8 h with MG132. (C) Immunoblot analysis of GFP-IPS cleavage in HeLa cells. (D) Immunoblot analysis
of NS3 in HeLa cells treated with MG132. (E) Quantification of GFP-IPS cleavage by NS3-4A mutants in Huh-7 and HeLa cells. Data are means and
standard deviations from 3 independent experiments. (F) WT or S77D HA-tagged NS3-4A was coexpressed with YFP-GBF1 (CTL) or YFP-GBF1-FLAG
(FLAG) in HeLa cells. Cells were lysed and lysates precipitated with anti-FLAG beads. Immunoprecipitated material and 5% of lysates were analyzed
by immunoblotting with anti-HA and anti-GFP antibodies.
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To assess whether the lack of replication of mutant N77D correlates with an
alteration of interaction of NS3 with GBF1 in human cells, we used the coimmunopre-
cipitation assay. A reduction of coimmunoprecipitated NS3 protein was observed with
mutant N77D (Fig. 9F). This result confirmed that the N77D mutation altered the
interaction between NS3 and GBF1.

The residue Ser77 of NS3 is important for JFH1 genome replication. We next
investigated the phenotype of a mutation equivalent to N77D in the JFH-1 strain, which
is much more replicative than Con1 in Huh-7 cells. At position 77, a Ser residue replaces
in JFH-1 the Asn residue that is present in Con1 and H77 strains. The S77D mutation
was introduced into a luciferase-expressing JFH-1 replicon and a replication assay was
performed. Like mutant N77D of the Con1 strain, mutant S77D of the JFH-1 strain was
not replicative (Fig. 10A). We also assessed the protease activity of mutant S77D using
the GFP-IPS construct and observed no difference between WT and S77D cleavage
efficiency (data not shown). These results indicated that the phenotypes of Con1 N77D
and JFH-1 S77D mutants are similar.

To assess if mutation S77D alters interactions between NS3 and other viral proteins,
we made use of the high replicative potential of the JFH-1 strain to try to obtain
pseudorevertant mutant viruses that would rescue the phenotype of the S77D muta-
tion. The S77D mutation was inserted into the full-length JFH-1 genome, and in
vitro-transcribed RNA was introduced into Huh-7 cells by electroporation. As expected,
we did not observe any HCV-positive cells at 3 days postelectroporation. However, after
approximately 2 weeks of culture, a few positive cells began to appear and their
number rose at each cell passage, indicating the presence of replicative viruses in the
cell population. The experiment was done twice and each selection was done in
duplicate. A similar kinetics of infectious virus generation was observed in each
experiment. We sequenced the nonstructural protein-coding region of the viral ge-
nome. In one experiment, we found a reversion to a Ser residue at position 77 of NS3,
which is the residue present in strain JFH-1. In the other experiment, the Asp77 residue
was converted into an Asn residue, which is found at this position in other HCV strains.
In this second experiment an additional mutation was found at position 221 of NS3, in
the helicase domain, changing a Gln residue for a Leu residue. This Q221L mutation,
which has been found previously in several studies (48–52), is a titer-enhancing
mutation with no impact on replication. Therefore, it does not represent a pseudor-
evertant mutation that would reveal the presence of any potential interaction between
protease and helicase domains of NS3. The mutations found in NS3 during these two
experiments are recapitulated in Table 2. No other mutation was found in NS3, NS4A,
NS4B, NS5A, and NS5B coding sequences in either experiment. Thus, we obtained no
evidence that the mutation S77D could disrupt any interaction between NS3 protease
and other nonstructural proteins of the viral replication complex.

TABLE 1 Structural and functional properties of NS3 mutants

Position Mutation (Con1)

Conservationa

Accessibility (%) Replication Protease activity Self cleavageH77 JFH-1

36 Val¡Ala Val Ile � � � �
44 Leu¡Gln Leu Leu � � � �
77 Asn¡Asp Asn Ser 20 � � �
82 Leu¡Pro Leu Leu � � � �
97 Cys¡Arg Cys Cys 15 � � �
104 Leu¡Pro Leu Leu � � � �
106 Leu¡Ser Leu Leu � � � �
107 Val¡Ala Val Val � � � �
114 Ile¡Thr Ile Ile 4 � � �
141 Gly¡Asp Gly Gly � � � �
143 Leu¡Pro Leu Val � � � �
153 Ile¡Thr Leu Leu � � � �

a�, similar to WT; �, not active, not replicative, or not accessible; �, partially active.
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We next assessed the impact of the S77D mutation on the interaction between NS3
and GBF1 by coimmunoprecipitation. Surprisingly, mutated NS3 bound to GBF1 in this
assay (Fig. 10B). S77D coimmunoprecipitation signal was similar to or slightly better
than that of the WT. This could be explained by slightly higher expression levels of the
mutated protein. We then investigated the impact of BFA on GBF1-NS3 interaction.
Whereas no BFA effect on coimmunoprecipitation was observed for the WT, an �50%
decrease of the signal was observed for S77D (Fig. 10C and D), indicating that its
interaction with GBF1 is more sensitive to BFA than that of the WT protein. This result
suggests that the interaction between GBF1 and NS3 is altered by the mutation S77D.
To further confirm this alteration of GBF1-NS3 interaction, we introduced the S77D
mutation into the pGBKT7-NS3 plasmid and performed a yeast two-hybrid interaction
assay. A reduction of interaction was observed for the mutant in this assay (Fig. 10E),
confirming the impact of the mutation S77D on the GBF1-NS3 interaction.

DISCUSSION

In this study, we investigated GBF1 interactions with viral proteins during HCV
infection. We found that GBF1 interacts with NS3. The GBF1-NS3 interaction was
observed by yeast two-hybrid assay, by coimmunoprecipitation, and by GST pulldown,

FIG 10 Phenotype of the S77D mutation in NS3 of strain JFH-1. In vitro-transcribed RNA of ΔE1E2 JFH-1 containing the indicated mutations was electroporated
in Huh-7.5 cells. Cells were lysed at the indicated times postelectroporation and luciferase activity was measured. Data represent means from 3 independent
experiments performed in triplicate. (B and C) HeLa cells were cotransfected with expression plasmids for HA-tagged WT or S77D NS3-4A or HA-tagged �1-COP
with YFP-GBF1 (CTL) or YFP-GBF1-FLAG (FLAG). Cells were left untreated (B) or were treated with 10 �g/ml BFA or 0.1% DMSO (C). Cells were lysed and lysates
incubated with anti-FLAG beads. Immunoprecipitated material and 5% of lysates were analyzed by immunoblotting with anti-HA and anti-GFP antibodies. (D)
NS3 signals from 4 independent experiments were quantified and normalized to values of DMSO-treated cells, which were expressed as 100. Errors bars
represent SD. (E) Yeast strain AH109 cotransformed with pGADT7-Sec7-GBF1 and pGBKT7 carrying the WT or the N77D mutant of the NS3 protease domain
were grown on nonselective and selective (�His) media to monitor reporter expression.

TABLE 2 Mutations in NS3 of revertant viruses

Expt no. Position Mutation

1 77 Asp¡Asn
221 Gln¡Leu

2 77 Asp¡Ser
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and the interaction between endogenous GBF1 and NS3 was also observed by prox-
imity ligation assay in cells replicating HCV. Moreover, GBF1-NS3 interaction was also
supported by the inhibition of NS3 protease activity by GBF1 and by the impact of
NS3-4A expression on GBF1 intracellular localization. An alteration in the intracellular
localization of GBF1 was observed both in inducible NS3-4A-expressing cells and in
replicon-containing Huh-7 cells expressing higher levels of NS3, confirming the impact
of NS3 on GBF1 intracellular localization in a more physiological model. This change in
GBF1 intracellular localization is consistent with an alteration in Golgi structure, which
has already been reported for HCV-infected cells (53–55). This change in Golgi mor-
phology is due to the effects of HCV infection on GBF1 function (55). Importantly, we
found that NS3-4A expression induced a change of GBF1 intracellular localization from
Golgi membranes to NS3-positive structures and that this association with NS3-positive
structures was insensitive to BFA, indicating that it was independent of Arf activation.
All of these observations are consistent with the existence of a physical and functional
interaction between NS3 and GBF1.

This interaction of GBF1 with NS3 is consistent with the crucial role of GBF1 at the
onset of genome replication, since the NS3-4A protease mediates one of the earliest
steps of HCV replication, the proteolytic processing of the polyprotein. Therefore, NS3
is well placed to interact with host factors implicated at the onset of genome replica-
tion. The GBF1-NS3 interaction appears to be reduced when other viral proteins are
coexpressed, as suggested by experiments using inducible cells and by moderate
signals obtained in the proximity ligation assay with replicon-containing cells. GBF1 is
not a component of mature HCV replication complexes, and its inhibition has a limited
impact on HCV genome replication once the replication is established (14). In contrast,
its inhibition during early times of the replication period strongly inhibits HCV infection.
This suggests that GBF1 fulfills an essential function during the onset of genome
replication that is not required later during the HCV life cycle. For other viruses, a similar
involvement of GBF1 early during genome replication has also been reported. Much
like for HCV, BFA inhibits the replication of dengue virus and mouse hepatitis corona-
virus (MHV) when the cells are treated just after virus entry, but the inhibition is less
important when BFA is added later (24, 25). During MHV infection, GBF1 transiently
colocalizes with replication complexes early in infection (24). These data suggest that
GBF1 acts at an early step of genome replication of these viruses, as for HCV. During
poliovirus infection, GBF1 is also recruited early to RNA replication sites. However, in
this case, the colocalization is still visible at later time points (56), in line with the
existence of differences of GBF1 involvement in HCV and poliovirus replication (33, 57).

HCV genome replication includes a latent period of 16 to 20 h in Huh-7 cells, during
which viral protein synthesis occurs at levels that are undetectable by immunofluores-
cence. Kinetics experiments indicated that GBF1 function is crucial for HCV replication
during this period. Therefore, it is not possible to experimentally verify if a transient
recruitment of GBF1 to nascent replication complexes actually occurs when its function
is essential for genome replication. Later during HCV infection, when replication
complexes become detectable by immunofluorescence, no GBF1 recruitment was
observed (14), consistent with the limited functional importance of GBF1 for HCV
replication at this time. Therefore, we can only speculate that the NS3-GBF1 interaction
participates in the function of GBF1 in genome replication during the latent period.

We observed that NS3-4A inhibited protein secretion weakly and only at higher
expression levels. Therefore, it is unlikely that NS3 would have any impact on the
regulatory role of GBF1 in the secretory pathway during HCV infection, particularly
during early steps of genome replication, when NS3 expression levels are likely very
limited. On the other hand, we observed an inhibition of NS3 protease activity by GBF1.
This modulation of NS3-4A protease activity might help in genome replication by
facilitating the generation of the polyprotein. Additionally, NS3-GBF1 interaction might
be important for recruiting GBF1 or some of its effectors to specific intracellular
locations. Further work will be required to test these possibilities.

The interaction was mapped to the protease domain of NS3 and the Sec7 domain
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of GBF1. An Asn or Ser residue at position 77, located on the surface of the protease
domain, appears to be part of the interaction region. Its replacement by an Asp residue
in Con1 and JFH-1 strains strongly inhibits genome replication without altering NS3
protease activity. Although we cannot exclude that this mutation could also disrupt
interactions with other viral and/or host proteins, in addition to GBF1, the reduced
interaction observed in yeast two-hybrid and coimmunoprecipitation assays for the
Con1 strain strongly suggests that the interaction with GBF1 is indeed altered, sug-
gesting that the lack of replication of the mutant virus could result from a lack of
interaction between GBF1 and NS3. The lack of pseudorevertant virus isolation argues
against the Asp77 mutation disrupting interaction of NS3 with any other viral protein.

Interactions between GBF1 and viral proteins have been reported for other GBF1-
dependent viruses. GBF1 interacts with nonstructural protein NS5 of dengue virus;
however, the interaction domains were not mapped (25). GBF1 also interacts with
nonstructural protein 3A of two enteroviruses, poliovirus and coxsackievirus B3 (58). In
contrast to HCV NS3, the interaction with 3A was not mapped to the Sec7 domain but
to the N-terminal part of GBF1, upstream of the Sec7 domain (59). The difference of
interacting domains correlates with a difference of function of GBF1 during HCV and
enterovirus genome replication. GBF1 function in poliovirus infection does not require
the Sec7 domain and therefore does not depend on the ArfGEF activity of GBF1 but
rather requires the N terminus of GBF1 that interacts with poliovirus 3A (57). In contrast,
HCV genome replication is not supported by the N-terminal region of GBF1 and
requires its ArfGEF activity within the Sec7 domain. More precisely, GBF1 function
during HCV infection is mediated by the pair of class II Arfs, Arf4 and Arf5, but not by
Arf1 (33). Therefore, it is likely that GBF1 function during HCV genome replication
involves the regulation of specific, not yet identified effectors of Arf4 and/or Arf5. We
recently reported that class II Arfs are also important for other GBF1-dependent RNA
viruses from different families but not for the enterovirus coxsackievirus B4 (35), again
emphasizing the difference of GBF1 function during enterovirus and HCV genome
replication. Therefore, positive-sense single-stranded RNA viruses appear to have
evolved different strategies for using different functions of GBF1. HCV and other viruses
of the families Flaviviridae and possibly Coronaviridae would require the ArfGEF activity
of GBF1 to activate class II Arfs, whereas enteroviruses appear to use an ArfGEF-
independent function of GBF1. Interestingly, both of these functions are different from
the well-documented function of GBF1 in the regulation of the early secretory pathway,
which depends on its ArfGEF activity but is mediated by another pair of Arfs, Arf1 and
Arf4 (33, 34). The future identification of effectors of class II Arfs implicated in viral
replication might open the way to defining novel mechanisms of action of GBF1. Their
identification could also lead to developing new antiviral therapies.

MATERIALS AND METHODS
Reagents. Dulbecco’s modified Eagle’s medium (DMEM), phosphate-buffered saline (PBS), goat and

fetal calf sera (FCS), and 4’,6-diamidino-2-phenylindole (DAPI) were purchased from Life Technologies.
3-Amino-1,2,4-triazole (3-AT) was from MP Biomedicals. Protease inhibitor mix (Complete) was from
Roche. Other chemicals were from Sigma-Aldrich.

Antibodies. Mouse anti-NS3 monoclonal antibody (MAb) 1848 was from Virostat. Mouse anti-NS5A
MAb 9E10 was kindly provided by C. M. Rice, the Rockefeller University, NY, USA. Rabbit anti-GBF1 serum
9D4 was kindly provided by P. Melançon, University of Alberta, AB, Canada. Mouse anti-GBF1 MAb was
from BD Biosciences. Mouse anti-GFP MAb and rat anti-HA MAb 3F10 were from Roche. Peroxidase-
conjugated goat anti-mouse IgG and goat anti-rat IgG were from Jackson Immunoresearch. Alexa
647-conjugated goat anti-mouse IgG and Alexa 555-conjugated goat anti-rabbit IgG were from Molecular
Probes.

DNA constructs. HCV NS3 of strains H77 and Con1 (full-length proteins and protease and helicase
domains) were cloned into pGBKT7 using NdeI and BamHI sites. HCV NS3 of strain JFH-1 (full-length
protein and protease domain, both wild type and S77D) were cloned into pGBKT7 using EcoRI and BamHI
sites. HCV NS3 helicase of strain JFH-1 was cloned into pGBKT7 using NcoI and BamHI sites.

Plasmids for the cell culture-adapted Con1 replicon, named pFK-rep-PI-luc/ET (originally designated
pFK-nt341-sp-PI-lucEI3420-9605/5.1), and the corresponding GDD mutant (47) were kindly provided by
Ralf Bartenschlager (University of Heidelberg, Germany). V36A, L44Q, N77D, L82P, C97R, L104P, L106S,
V107A, and I114T mutations were inserted by transferring HindIII-MreI from the corresponding pGBKT7
plasmids into pFKi-rep-PI-Luc/ET plasmid. Mutations G141D, L143P, and I153T were inserted by site-
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directed mutagenesis. All mutagenized fragments were verified by sequencing. The JFH-1 construct used
for the replication assay (HCVcc-Rluc/ΔE1E2) was previously described (14). The mutation S77D was
introduced by PCR-based site-directed mutagenesis.

pEYFP-GBF1 was described previously (42). To construct pEYFP-GBF1-FLAG, used in coimmunopre-
cipitation experiments, the coding sequence of a FLAG tag was inserted between the last codon of GBF1
and the stop codon. To generate expression plasmids for HA-tagged NS3-4A of the Con1 strain, the
coding sequence of the protease domain was amplified from pGBKT7 plasmids using primers 5=-CTAG
AGGATCCATGGCGCCTATTACGGCCTAC-3= and 5=-GAAGACCGGTGACCGCATAG-3=. The coding sequence
of NS3 helicase domain and NS4A was amplified from pFK-rep-PI-luc/ET using primers 5=-CTATGCGGT
CACCGGTCTTC-3= and 5=-CGACGAATTCTTAGCACTCTTCCATCTCATCGA-3=. Both PCR products were fused
using external primers and inserted into pcDNA3.1-HA using BamHI and EcoRI sites. The HA-tagged
�1-COP construct was previously described (36).

The expression plasmid used to express the NS3 substrate GFP-IPS was generated in two steps. First,
oligonucleotides 5=-AGCTTCACCAAAAAAAAAAAGAAAAGTAGGAGG-3= and 5=-GATCCCTCCTACTTTTCTTT
TTTTTTTTGGTGA-3= were phosphorylated, annealed, and ligated into HindIII- and BamHI-restricted
pEGFP-C1 to generate pEGFP-NLS. The coding sequence of the IPS C-terminus next was amplified by PCR
with oligonucleotides 5=-AGTTATCTAGACTAGTGCAGACGCCGCCGGTACA-3=and 5=-TCCGAGGGCACCTTT
GGGAT-3=. The PCR product was inserted into the BamHI-XbaI sites of pEGFP-NLS.

The coding sequence of the protease domain of NS3 (Con1 strain) was amplified by PCR using
primers 5=-TACGCTTCTAGAGGATCCATGGCGCC-3= and 5=-GTCGACGAATTCTTACCGCATAGTGGTTTCCATA
GA-3= and introduced into the pGEX4T-1 plasmid to create the pGEX4T-1-pro plasmid using the
restriction sites BamHI and EcoRI.

Yeast two-hybrid. Yeast two-hybrid analysis was performed in Saccharomyces cerevisiae strain
AH109 (Clontech). Coding sequences for GBF1, BIG1, and BIG2 full-length proteins or domains were
cloned into pGADT7, creating Gal4 activation domain fusion proteins. pGBKT7 plasmids carrying HCV
genes, to produce Gal4 DNA binding domain fusion proteins, were a kind gift of Hyo-Young Chung and
Charles Rice (Rockefeller University, New York, USA). These pGBKT7 plasmids contained each viral protein
cloned from a Jc1 HCV genome that is a fusion of J6 and JFH-1 HCV genomes. The junction point of this
J6-JFH-1 hybrid viral sequence is located in NS2. Thus, the sequences were the following: J6-Core, E1, E2,
and p7; Jc1-NS2 and JFH-1-NS3, NS4A, NS4B, NS5A, and NS5B. HCV NS3 protease or helicase domain-
coding sequences were also cloned into pGBKT7 (this study). pGADT7 and pGBKT7 fusion constructs
were transformed into yeast by the lithium acetate method using carrier DNA and plated on nonselective
plates (lacking leucine and tryptophan) to select for the two yeast two-hybrid plasmids. After growth, the
colonies were transferred to selective plates (lacking histidine) to assay expression of the reporter HIS3
gene, which only occurs if the fusion proteins interact.

Random mutagenesis, reverse two-hybrid assay, and plasmid rescue. Mutagenic PCR was
performed with 0.5 �l of pGBKT7-protease (Con1 strain) plasmid using 0.5 �l of Taq DNA polymerase
(New England Biolabs) in a 50-�l reaction mixture containing 200 nM primer 5=- GGTCTCCGCTGACTAG
GGCACATCTGACAGAAGTG�3=, 200 nM primer 5=-CCGGTAGAGGTGTGGTCAATAAGAGCGACCTCATGC-3=,
and 200 �M each deoxynucleoside triphosphate (dNTP). Samples were placed at 95°C for 5 min and then
with cycling parameters set to 95°C for 30 s, 65°C for 2.5 min, and 72°C for 2 min for 30 cycles, and then
incubation at 72°C for 5 min. In parallel, gapped plasmid was produced by enzymatic restriction of
pGBKT7-protease (Con1 strain) plasmid using NdeI and BamHI sites. Both mutagenic PCR product and
gapped plasmid were gel purified using a QIAquick gel extraction kit (Qiagen) according to the
manufacturer’s protocol. They were transformed into AH109 yeast by the lithium acetate method using
carrier DNA and plated on nonselective plates lacking tryptophan. After growth, transformants were
pooled, transformed with pGADT7-Sec7GBF1, and plated on selective plates lacking leucine and tryp-
tophan to select for the presence of the two plasmids. After growth, the colonies were transferred to His3
reporter expression selective plates (lacking histidine). Plasmids were rescued from yeast using a
NucleoSpin plasmid miniprep kit (Macheray-Nagel). Yeast cells resuspended in buffer A1 were disrupted
by agitation with glass beads. Glass beads were removed by centrifugation. Lysis and plasmid isolation
were performed according to the manufacturer’s protocol. Plasmids were subsequently transformed into
bacteria and purified using a NucleoSpin plasmid miniprep kit according to the manufacturer’s protocol.

Cell culture. Huh-7 cells (60) and Huh-7.5 cells (61) were grown in Dulbecco’s modified Eagle’s
medium (DMEM), high-glucose modification, supplemented with GlutaMAX I and 10% FCS. UNS3-4A-24
(38), UNS5Acon-6 (39), and UHCV-11 (40) cells were kindly provided by D. Moradpour (University of
Lausanne, Switzerland). They were grown in DMEM supplemented with 10% FCS, 1 �g/ml puromycin
(Gibco), 0.4 mg/ml G418 (PAA), and 1 �g/ml tetracycline (Sigma-Aldrich). HeLa cells were provided by B.
Goud (Institut Curie, Paris, France). They were grown in minimal Eagle’s medium alpha supplemented
with GlutaMAX I and 10% FCS. All cell lines were grown at 37°C with 5% CO2.

UNS3-4A-24, UNS5Acon6, and UHCV-11 cell induction. One day before induction, cells were
plated on glass coverslips in a medium containing 0.1 �g/ml tetracycline. For induction, cells were rinsed
three times with PBS to remove tetracycline and cultured for 24 h in tetracycline-free medium. Control
noninduced cells were cultured for 24 h in the presence of 1 �g/ml tetracycline.

Immunofluorescence microscopy. For immunofluorescence microscopy, cells were grown on glass
coverslips and fixed with 4% formaldehyde (Sigma�Aldrich) for 5 min on ice, followed by 20 min at room
temperature. All subsequent steps were realized at room temperature. Cells were permeabilized by a 1�h
incubation in blocking buffer (2% BSA, 0.5% saponin [Sigma-Aldrich, St. Louis, MO, USA] in PBS). Both
primary and secondary antibody incubations were carried out in blocking buffer for 1 h and 45 min,
respectively. Nuclei were stained by a 5-min incubation in PBS containing 1 �g/ml DAPI. Coverslips were
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mounted on glass slides using Prolong antifade gold (Invitrogen), sealed, and stored at 4°C. Images were
acquired using an inverted laser scanning confocal microscope (TCS SP5 AOBS tandem; Leica). Signals
were sequentially collected by using single fluorescence excitation and acquisition settings to avoid
crossover. Images were assembled by using Image J software.

Colocalization was evaluated using the plugin JACoP of ImageJ (62). The extent of colocalization of
GBF1 and NS3 was measured with Pearson’s coefficient, which is a correlation coefficient describing the
relationship between the intensities in two images. For each cell analyzed, a region of interest was
manually defined. The pixels corresponding to the background were removed from the analysis using
the automatic method of Costes included in the JACoP plugin, and the foreground pixels were used to
calculate the Pearson’s coefficient.

Replication assay. Huh-7.5 cells were electroporated with HCVcc-Rluc/ΔE1E2 or rep-PI-luc/ET in
vitro-transcribed RNA and seeded in 24-well plates. The luciferase activity was measured 2 h (Con1), 4 h
(JFH-1), 24 h, 48 h, 72 h, and 96 h postelectroporation using the Renilla luciferase assay system kit from
Promega.

NS3-4A protease assay. Twenty-four hours before transfection, HeLa or Huh-7 cells were seeded in
24-well clusters to reach �70% confluence the next day. For assessing the protease activity of mutants,
cells were cotransfected with 125 ng of pcDNA3.1 HA-NS3-4A and 125 ng of pEGFP-IPS mixed with
Trans-IT LT1 reagent by following the instructions of the manufacturer (Mirus). For assessing the impact
of NS3 expression on secretion, cells were cotransfected with 100 ng of pEGFP-IPS and 15 ng of pcDNA3.1
HA-NS3-4A and increasing concentrations of GBF1 (50, 100, 200, and 300 ng). Empty pcDNA3.1 plasmid
was used to keep the same final concentration of total transfected DNA. At 24 h posttransfection,
EGFP-IPS and NS3 expression were monitored by immunoblotting using anti-GFP and anti-HA antibodies,
respectively.

Immunoblotting. Cells were rinsed 3 times with cold PBS and lysed at 4°C for 20 min in a buffer
containing 50 mM Tris-Cl, pH 7.5, 100 mM NaCl, 2 mM EDTA, 1% Triton X-100, 0.1% SDS, 1 mM phenyl-
methylsulfonyl fluoride (PMSF), and a mix of protease inhibitors (Complete). Insoluble material was
removed by centrifugation at 4°C. The protein content was determined by the bicinchoninic acid method
as recommended by the manufacturer (Sigma), using bovine serum albumin as the standard. The
proteins were then resolved by SDS-PAGE and transferred onto nitrocellulose membranes (Hybond-ECL;
Amersham) using a Trans-Blot apparatus (Bio-Rad). Proteins of interest were revealed with specific
primary antibodies, followed by species-specific secondary antibodies conjugated to peroxidase. Proteins
were visualized using enhanced chemiluminescence (ECL Plus; GE Healthcare). The signals were recorded
using a LAS 3000 apparatus (Fujifilm). Quantification of unsaturated signals was carried out using the gel
quantification function of ImageJ.

Coimmunoprecipitation. HeLa cells were seeded in 6-well clusters the day before transfection and
were cotransfected with 750 ng of pcDNA3.1 HA-NS3-4A and 750 ng of pEYFP-GBF1 or pEYFP-GBF1-FLAG
using the Trans-IT LT1 reagent as recommended by the manufacturer (Mirus). At 40 h posttransfection,
cells were rinsed 3 times with cold PBS and lysed in 400 �l of a solution containing 50 mM Tris-Cl, pH 7.4,
100 mM NaCl, 0.5% Triton X-100, and protease inhibitors at 4°C. Insoluble material was removed by
centrifugation at 4°C. Twenty �l of lysate was removed for immunoblot analysis. Lysates were rotated at
4°C for 4 h with 30 �l of anti-FLAG M2 affinity agarose gel (from Sigma-Aldrich), previously rinsed twice
with 1 ml of lysis solution. Beads were washed 3 times with the lysis solution, and immunoprecipitated
material was eluted by incubating the beads with 30 �l of SDS-PAGE loading buffer at 70°C for 10 to
15 min. Proteins of lysates and immunoprecipitations were quantified by immunoblotting using anti-GFP
(GBF1) and anti-HA (NS3) antibodies.

Proximity ligation assay. Naïve and replicon (JFH-1)-containing Huh-7 cells cultured on glass
coverslips were fixed with 3% paraformaldehyde for 20 min, rinsed with PBS, and permeabilized in PBS
containing 0.1% Triton X-100 for 5 min. Proximity ligation assay was performed using Duolink in situ
detection kit DUO92007 (Sigma), as recommended by the manufacturer, with mouse anti-NS3 MAb
486D39 (provided by J. F. Delagneau, Bio-Rad) and rabbit anti-GBF1 affinity-purified antiserum (ab86701;
Abcam), both diluted to 1:100. Images were acquired using a laser-scanning confocal microscope
(LSM880; Zeiss) using a 63� oil immersion objective with a 1.4 numerical aperture. For each field, a stack
of images corresponding to the total volume of the cells was acquired. Maximum-intensity projection
images were generated using Zen software. Representative images were assembled and dots were
counted using ImageJ software. For each field, the mean number of spots per cell was calculated by
dividing the number of spots by the number of nuclei.

GST pulldown. Recombinant GST-pro fusion protein and GST were purified from Escherichia coli
BL21(DE3)/pLysS harboring the plasmids pGEX4T-1-pro and pGEX4T-1, respectively. Five hundred ml
of cells was grown in LB medium containing 100 �g/ml ampicillin until the optical density at 600 nm
(OD600) was approximately 0.6, and the expression of the proteins was induced by adding 0.1 mM
isopropyl-�-D-thiogalactopyranoside for 2 h at 30°C. Cells were pelleted and stored at �80°C until
used. Cells pellets were thawed and resuspended into 10 ml of lysis buffer (50 mM Tris-Cl, pH 8.8,
100 mM NaCl, 5 mM EDTA, 15% sucrose) containing Complete protease inhibitors (Roche), 1 mM
PMSF, and 10 �g/ml bovine pancreatic DNase I (Sigma-Aldrich). Cells were lysed using a French press
and centrifuged for 20 min at 20,000 � g to remove insoluble material. The lysate was incubated for
2 h at room temperature with 1 ml of equilibrated glutathione-Sepharose 4B beads (GE Healthcare)
previously equilibrated with 50 mM Tris-Cl, pH 8.0. The beads were then transferred to a column and
washed extensively with 50 mM Tris-Cl, pH 8.0. Recombinant proteins were eluted 2 times with 1 ml
of 50 mM Tris-Cl, pH 8.0, containing 20 mM reduced glutathione and 0.1 mM dithiothreitol and
dialyzed against 50 mM Tris-Cl, pH 8.0. The purity of the proteins was verified by SDS-PAGE and
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Coomassie blue staining. The OD280 values of the dialyzed protein solutions were measured and their
concentrations calculated using the absorption coefficients and molecular masses computed using the
ProtParam tool (Expasy).

Secretion assay. Twenty-four hours before transfection, HeLa cells were seeded in 24-well clusters
to reach �70% confluence the next day. Cells were cotransfected with 25 ng pCMV-GLuc (New England
Biolabs) and increasing amounts of pcDNA3.1-HA-NS3-4A (JFH1) (100, 200, and 300 ng) mixed with
Trans-IT LT1 reagent by following the instructions of the manufacturer (Mirus). The total amount of DNA
was kept constant by adding empty pcDNA3.1. At 16 h posttransfection, the culture medium was
changed, and the cells were incubated for 4 h. As a control, cells transfected with 25 ng pCMV-GLuc and
300 ng pcDNA3.1 were treated with 1 �g/ml BFA during this 4-h secretion period. Luciferase activity was
measured in the supernatant and cell lysates using a Renilla luciferase assay system kit from Promega as
recommended by the manufacturer.
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